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PREFACE

This report was prepared by Beech Aircraft Corporation, Boulder Division,
Boulder, Colorado, under Contract NAS 9-12105, Hydrogen Thermal Test
Article (HTTA), from the Manned Spacecraft Center, Houston, Texas.

This "Pressure Control and Analysis Report" is the result of tasks which

were accomplished during the HTTA Program study reriod, including: I‘
(1) perform a literature review to providc system guidelines; (2) develop :
the snalytical procedures needed tu predict system performance; (3) design _
and analysis of the HTTA pressurization system considering (a) future uti- -
lization of results in the design of a spacecraft maneuvering system f
propellant package, (b) ease of control and operation, (c) system safety, ?1
and (d) hardware cost; and (4) make conclusion and recommendation for

systems design. -
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NOTAT ION
Cc = ratio of wall-to-gas effective thermal capacity
ép = specific heat at constant pressure
D = equivalent tank diameter (diameter of a cylindrical volume

having same total volume and wall surface area as tank
under investigation)

hc = gas-to-wall free convection heat transfer coefficient

p = tank pressure during liquid expulsion

q = heat flux from ambient to tank wall. per surface area of
wall

Q = ratio of total ambient heat input to effoctive thermal

capacitance of gas

S = modified Stanton number

t:w = equivalent tank wall thickness

To = pressure inlet temperature

Ts = saturation temperature of propellant at initial tank
pressure

wp = total pressurant mass

wp° = total pressurant mass under conditions of zero, heat and
mass transfer

wp/wpo = collapse factor

AV = expelled liquid volume

eT = total liquid outflow time

density
Subscripts
G refers to gas

W refers to wall
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NOTATION (Continued)

S o s L SoLpS S

o Superscript o

0 refers to variables at a temperature equal to inlet .
pressurant temperature and a pressure equal to tank »
pressure during expulsion, .
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COMPONENT IDENTYT ICATION

Fill Valve ' -
Isolation Valve =
Vent Valve -
Shutoff Valve -
Three-Way Valve -
Check Valve -
Pressure Regulator -
High-Pressure Pump -
Turbine -
Control Orifice -
Heat Exchanger -
Burst Disc -~
Relief Valve -
Flow Meter -
Circulation Fan -
Pressure Switch =
Pressure Transducer -
Gas Generator : -
Expansion Valve -
Remote Operated Valve -
Solenoid Valve -
Thermal Conditioning Unit -

Fv
1v
Vv
sv

cv

HP
GT
Co
HX
BD
RV
M
CF
PS
PT

EvV
ROV
Sov
1CU
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1.0 INTRODUCT ION
w2
¥ ! - E
: The purpose of this report is to define an optimized pressure control system <

for the Hydrogen Thermal Test Article (HTTA). The report covers the follow-

| ing three basic considerations for pressure control: ‘ﬁ
Lo 1. pressurization technique selection
H : 2, external pressurization considerations .
" | 3. relief system considerations design criteria and selection .
B i :
i | The purpose of a pressurization system is to provide stored energy which ;
X . can be utilized in the expulsion of the liquid propellant for spacecrafr '
- requirements. Several different types of gas generating systems e t and [ :
: they have been analyzed in previous pressurization system studies tl . 7

Some of these systems are:

; 1. stored gas .
- 2. evaporated propellants 4
3. evaporated non-propellants i
4. products of chemical reaction ' v
i 3. mechanical expulsion -
; For any given mission, several propellant pressurization systems may be i
T capable of meeting the performance requirements. Therefore, the advantages k
] and disadvantages of each system must be considered in the selection of the
: most suitable system. A generalized breakdown of the advantages and dis-
: advantages of various pressurization systems are shown in Table I, -
N TABLE I i
Type of Pressuri- E
ti s ‘o .
; zation System Advantages Disadvantages 4
: Stored gas Simplicity Weight :
: Availability of Volume i
i Component.s a
. b,
j w .
v Evaporated Single Fluad External Energy or y
: Propellant Large Heat Exchanger 3
¥ Evaporated Weight Complexity .
: Nonpropellant Volume External Energy ;
¥ |<
; Combustion Weight Contamination by -
g Products Volume Solids
¢ ] Cost Repressurization
= after Coast
¥ Restart
? Mechanical Weight . Complexity
v Expulsion Volume : Relinbility
- Cost
‘ ER 15468
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To select the most suitable system, the relative performance of the variou
systems must be evalunterd. Qualitative and quantitative factors must be
established for each candidate system and the final selection made after
consideration of these factors. Examples of the two categories of factors

are shown.

Qualitative Factors Quantitative Factors
Propellant Compatibility Relinbility
Mission Life Capability veight
Restart Capability Size
Variable Flow Capability Control Accuracy

Cost

Some of the quantitative factors could become qualitative factors it
future system design dictates maximum and/or minimum values such as
reliability, weight, and size (volume). These quantitative factor
values have not been specified for the HTTA. Qualirative factors were
either acceptable or not, i.e., "'go or no-go" and if the particular
pressurization system under study did not meet the requirements, it was
eliminated.

The stored gas type of pressurization system was selected for use on HTTA
and analysis was limited to this type of system.

s
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2.0 LITERATURE REVIEW - SUMMARY

Two approaches have primarily been taken in the design of gas pressuri-
zations systems. Most investigators | 2, 3, é] have considered either
stored gas or recirculation-type pressurization systems or both. The
Grumman-Boeing (é] pressurization study concerned itself with the
analysis of a cold autogenous gas tapped off the Orbit Maneuvering System
engine, Lockheed's (é] systems optimization study primarily investigated
both stored gas and recirculative-type pressurization systems, The
AiResearch reports [4] were concerned with the study of recirculation-
type pressurization systems.

2.1 Shuttle Orbiter Reports

A review was made of the Grumman-Boeing study (ﬁ) , the only Alternate
Space Shuttle Concepts Study currently available to Beech, concerning
the pressurization system of the Orbit Maneuvering System. The report
recommends cold autogenous gas tapped off the Orbit Mancuvering Svstem
engine for tank pressurization. This type of system has the inherent
advantages of not requiring a helium system or use of Attitude Control
Propulsion System conditioning. The operating characteristics of the
system are shown schematically in Figure 1, This simplified schematic
shows the salient features of the autogenous pressurization system
during steady-state Orbit Maneuvering System operation.

2.2 Cryogenics Sy~tems Cptimization Study

The Lockheed optimization study wus originally formulated with the
basic premise that helium gas would not be used as the pressurant for
LH,_ tanks. This premise was estabiished because the solubility cof
hefium gas in LH_ creates-a fuel cell contamination problem. However,
due to the small amount of gas required. helium gas was considered as
a prepressurant to produce engine startup in recirculation-type pres-
surization systems. Helium was considered as a pressurant in the
Orbit Maneuvering System/Attitude Control Propulsion System integrated
system since the fuel cell system was not included. Ambient, as well
as cold storage of the helium, was considered in the optimization
analysis,

The Thermodynamics Optimization Program (computer program) completed
by Lockheed cgj tor a nonintegrated system indicated that the helium
pressurant weight would be greater than the combined weights of a
prepressurant and a pressurant using hydrogen gas. In addition, the
weight of boiled-off liquid during the pressuri..ed flow process is
larger for a helium than for a hydrogen pressurization system. The
optimization program provided a parametric analysis which included
the following variables:
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pressure inlet temperature
expulsion pressure

. vent pressure

insulation thickness

tank geometry

. duty cycle

Do D W~

The various types of nonintegrated prepressurization and pressurization
systeis analyzed in the optimizaticn study, utilizing the above combin~
ations of variables, including their advantages and disadvantages, are
listed in Table II. In the enalysis both the prepressurization and the
pressurization functions were controlled by the same pressure control
components.

The candidate subsystems were analyzed for system composition and
arrangement, operation modes (including redundant considerations),
structural and thermal considerations. and fluid utilization. Two
different nonintegrated system concepts were analyzed for nominal oper-
ation conditions (3] .

The selections provided for gaseous hydrogen as the pressurant with one
cese using a gaseous helium prepressurant, The pressurant supply condi-
tions were:

System 1 - GH, at 37° to 520'R at 0 to 4000 psia

System 2 -~ GH2 at 37°R at 20 psia

SYSTEM 1 -~ The hydrogen propellant tank was pressurized during
engine operation by gaseous hydrogen supplied by a
recirculation~type pressurization system heated by
the engine nozzle. Propellant orientation devices
were used to initially supply gas-free propellants
for engine start until propellant orientation was
maintained by engine operation. The tank pressure
was controlled by tank pressure switches that
operated flow control valves During periods that
the engine was not in operation, the tank pressure
was controlled by a thermal conditioning unit.

The schematic for System 1 is shown in Figure 2
and the corresponding characteristic data 1in
Table I11.

SYSTEN 2 - This system used stored gas propellants for tank
prepressurization. During engine operation the
tank pressurization was accomplished by tapping off
propellant downstresm of the propellant tsnk boost
pumps and veporizing it in hest exchsngers. Tank
pressure was controlled by s combination orifice/
regulstor where the orifice supplies minimum
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! TABLF I1
NOSTNT T RATED QYSTEM (N T (NENT ARRANGFMENTS
ninction Candidete fescriptien Fav rrable Selection {nfavorahle Selectinn Selection Statum
Factors Frctors
Preseurization 1 ® Pulne modulated velving e Eliminstes reguletors ® PFunctioning component Candidate for
count 18 incressed evalustion
® Tenk mounted pressure @ S.mplifies edding redun- @ High response valves and
switches open and close daucy, can concentrate on owitches mey Do required
valves to control the flew leant relisblie component
of the pressurants and e Multi-pressure level capa-
satnteatn tank pressures bility 1f edd pressure
a8 required, switchei
2 ® Regulator/orifice pressuie & HReduced regulator size ® Redundsnti regulators prob- Fliminated due to
control ® No functioning component sbly renuired no significent gain
required for minimum flow |e Regulator sise not criticel °‘l": : rormal reg-
o Tenk pressures sre main- rates ulsted system
tained by an orifice/
reguletor controlling pree-
surant, The orifice ts sized
to mee? minimum flow require-
ments and the regulstor supp-
1tes the remainder required,
3 e Pagulated pressure centrol e ['roven component e High reguls.or relisbility (an~tdate for
is required svaluation
@ Tenk pressurcs are maintsined
by regulators controlling
pressursnt flow,
4 e Orifice pressure control e Stirplicity, no functioning je Milti-start regu'rement tliminpted fye to
componant® at various ullege volumes probsble unsccept-
@ Tank pressurss are maintsined result in widy pressure sble pressure
by fined orifices controlling varistions tor o fized varistions,
pressurant flow, 4 orifice system
1} e MHelium pressurent o Lighter than gsseocus enygen @ Nelium cost ® Candidate for O
teprk pressursnt
¢ No condensstion possible ® Incressed system weight e Iliminated for M
@ Separstely atored helium main- e If QLLIO recket engire 10 tf ured for hoth tanks tenk pressursat
tains tank presaures during used do not heve to dew pressvrant due to welight
rochetl engine operstien s velop version which has o Helium solubility penalty
ecentrolled by the sdove pressure 60’ supply cepability
contri 1 mathods e W'l aid tnerting of (QTI
[ ] ® Gaseous propellant ® Fliminstes use of heltwm ® Fropeilant condensstion Candidate for
T
presevrants @ Incrensed integrotion »ill incresse quentity ef evalustion
poten-tel prossursnt required
® Requires use of hest oxn-
L ] o0 GBE ire
Fequire- chengers or developasnt
o7 ONS rochet engine sith
copadility to supply gee~
® Geseous O,y and M., condsi~ s0us o, and L
tioned by sspara
exchangers or the rochet
engine(s), maintsin tanh
withdravsl and sre contrelled
By the sheve pressure contrel
we thods
Fro-pressuriwe tien 1 o Stered helium o Candidete Oy ONDS tonk o Meltum cost
pressurast evelustion
® MNelium iw wtoved st sabjent ® )o condensatjon possible @ Tenk pressure cemtre}
temperature {(or in the crye- ® Light seight pressurant syuipment wil]l have te
genic stornge tanke) snéd pro- Aandle twe geses
pressurizes using the conpe~
nonte of the tank pressure
eontrel system
] & GCosesus prepellasts o Ilininstes Relium use o Prepellsnt condensation Candidete for
will ineresse pressureat evalustiea
o Incressed integretion requises
potentisl
o GCsasseus O, snd N, stored ot
Righ pressure, prepressurise the ® lase valume sad veight
prapellient tanks using tho sowps- o8 storsge tenks con be
ssnts of the toah pressure semirel recharged during rechst
oyntem, ongineg spavation
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pressurant and the regulator accommodates pcak
demands.

During periods that the engine was not in oper-
ation, as tank pressure increased, the ullage
was vented to space through tank wall heat
exchangers (vapor cooled shield) with part of
the incoming heat being intercepted. Propel-
lant orientation was requirad for liquid
delivery. The schematic for this system is
shown in Figure 3 and the corresponding
characteristics data in Table 1V,

In addition to the nonintegrated systems ar lyzed, various integrated
systems analysis were performed by Lockheed. This analysis resulted in
several different integrated systems with varying degrees of integration.
For the purposes of this pressurization analysis, two integrated systems
will be used as HITA design guidelines. These are: 1) integrated Orbit
Maneuvering System/Attitude Control Propulsion System with common pumps
as shown in Figure 4, and 2) integrated Orbit Maneuvering System/Attitude
Control Propulsion System with pumps ati engine as shown in Figure 5.

These selections provide two different pressurant supply gas conditions,.
They are:

1. GH2 at 2000 psia & 250°R (Figure 4)
2. GHe at 4000 psia & 37°'R (Figure 5)

2.3 Study of External Pressurization Systems - AiResearch

A review of the monthly progréss reports from AiResearch Manufacturing
Company {4) wes made. The reports described work performed during a
period between 15 July 1970 and 15 May 1971 under Contract No. NAS9-10453
for NASA-MSC. The contract was concerned with the study of recirculation
type pressurization systems for pressure control of cryogenic storage
systems. The information developed was to yield flexiability in design of
cryogenic systems and low cost replacement of dynamic components that are
external to the cryogenic pressure vessel,

The reports contain information on preliminary component selection and
results of the tankage thermodynamic analysis., The components considered
were heat exchangers, recirculation loop lines and pumps and fans. The
results of the tankage thermodynamic analysis determined the recirculation
rates required to maintain given pressures. This analysis covered the
following cases:

subcritical and supercritical

varying return temperatures

complete mixing and complete nonmixing

both liquid and vapor recirculation for su! ritical tanks

ER 15465

-0~

) e

U s, it A rue

[P /.www - —— et e i«

oy rem



o X
- RLY

o
v

S

™ ey T

k . ' . St e IL S e e Ny e
- » - ./' - 'k - - = - . - - . K J— .bd .

MNAXLSXS NOILVZIHASSTMd SVD @IYOLS

4

N

ik = s

¢ aan3dry

1

REPRODTL
oRv

|

!

|

i

50S8d -
nt @AO
sas/aT £1° =0

OTAS ) £ 60AS

: ZOAS
109D 8w '

f 14

COXH

%a9s/q1 ¢'g n@N

Ho .. = L
ISd 1°2g 03 8'pg = WE _ "
ANTYA

INTVA INJFA
LIGYO-~-NO

.“moa_cooa.nna
vIsd 000v d

002G = 1L
Visd 000V d

ERCPRESRwERt s

ER 15455
~10-




2
P,

L)
el

“-rey

[
B

 —r————— FET e ——

o

~w

-

, N RN 4 ! > . PR . ———
[T Y
—
w i
—t
o
fa3
pago1D paso1) [pasold| pasord) Poeso1) P80l pasoldf pesol] pasory uado vo.oGTaquT-oG seso1a|pasord) UOIIT60g [TRAOK
o¢ o¢ ot ot o¢ [+ o€ | o001 [ ot o 0t | 0001 | 0001 S888 ‘miy 3suo isay
*sdy ‘say
St st 891 st [ (34 ost ozt S oLt ozt 0TI} uis ‘smpl Bujawaadp eioyl
L 8 ] o 0 L L L € [ 8 € € GOISEIN/$I124) Jo oy
€z'0 .
/820 ¢ € 1} sz'o 1{ sZ'0 1 1 1 1 Y sz2°0]| sz'0 § 1 1 €} €Z°0 "y ‘zajemerg auig 35val
0zs| oz 0zs 0zs 0zs 0zs 0zs
(Wi 3 LE LE ozs Le ozs Le|l 591 it LE -L< $91 LE L€ -LE 0S|  ~2€ -L€ 0ZS] ¥, ‘oanjsaadmey pinry 121300
ov $1-0; s1-0| s1-0| St1-0 ov 0z (14 0Z j00or-0 02| oz} ot-0 $| S1-0;000V-0] S1°0| $€-0!000¥-0f *18d ‘aunssaxgd pPinid 312[3ND
()3 9°s 81°0 810 €1°0] €1'0] €10} €10 £U0 9°c 81°0] o0 ] BT'O ZL 288/q1 ‘#3%Y w014 PiInid
0zs{ ozs 0zs ozs 0zs 0zs
gal. e LE e 02§ Lc 0zs LE -igl L€ LE L€ $91 Le -L€ L€ -LE 0zs| -c£ -2 028 o ‘snjeaadeayl pinig 321U]
000%; 00O0F
114 6z €T o¥ SZ! 000¥ Sz} oooy oy -Oot!  -o¥ 0z oy 0z oz | st-0 €2 x4 coov-o~ ET| ST-0{000¥-0; ®1sd ‘aunssaig pPInig 31214}
L W %y 4 " Wl %W % y W % Ty " % %u| Zu| % " L I g «..M PInta
f
1099 _ T0dH| ¥OSd | TOSd | YOAM | TOAY | »0Q8 | 2008 | SOMH | Z00OD | Z0¥d | YOAD | TOAD | OIAS | 60AS | 80AS | 90AS | SOAS _ Z0AS| Zoaa | voAd | Zoad KOILVOISIAKNTL LIXINOIAOD
FITISTUTIOVIVED IKINOAMOGD
Al ITTEve
Aawe o« v - . s ) - e L - e - . R i b -




“r Y ey
v

R L.

PYTo.

4.
. \

.’/;

sdung uouno) YITA SdOV /SO p23exdajul - p JUNOIL

Xs

S1120 ¥c0S2
1ong VISd 0002
oL
Cuo
AD Al XH AD
e
) dH
PIOJlueU UOUMOD OF, !
!
pPIoJluUCW UOCWWOD WOoJ
. 22 IR

Py

oy

o N

S 7

o=t

o

a3

juaa oyl

-2 = 1L

VISd 000¥% = d SHD
A¥Y




e v e w +

ev———  a—

e » <y T; ¢ ! > " >
- ) m N *
¢ . o 4 . < b ~ I
S 2andig
INTONI-LV-dANd HLIM SIOV/SINO QILVHORLINI % .r
37
ANVL M
201 o1 &
HolE = 1L —_—)
VISd 000y = d
o
DNITO0D
sdov oy ~E—
>m \\
! \ - -
ﬂ sd
_ {
|
—
As SENTONE
\ SNO o}
% mﬂ
_ N
A — —7
Ad
SImnd <
a3es) SdJV IX03 @o1AaQ sS40V ol
uoy3y1sInboy jur,1adoag
I I i T - - b e s A A o S R RN T ot i RS0




T ‘NQ

[

S W e g+

B el

| et Bt e SR S

In addition to the above, the thermodynamic analysis calculated the
required heat addition rate and the pressure drop due to mixing of the
stratified cases.

Considering the mass flow requirement of the HTTA, the amount of energy
needed to vaporize cold liquid would require a rather large heat
exchanger or very high temperature gas source for the hot side of the
heat exchanger.

Although the use of recirculated pressurization system has been con-
sidered for the Shuttle Program, the use of this type system for the
HTTA is impractical due to the added hardware involved. However, the
use of stored gas pressurization can be related to this type of system
and still make use of simpler, less expensive hardware associated with
the stored gas system.
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3.0 PRESSURIZATION SYSTEMS ANALYSIS
3.1 Selection of Pressurization System

Gaseous hydrogen has been selected as the primary pressurant for the HTTA
tank. This selection was based on the requirements outlined in [2, 3) .
The HTTA tank design and testing are bas.d on parameters that applied
initially to the Space Shutile Orbit Maneuvering System. However, modifi-
cations have been made to facilitate a 180-day mission. The original
7-day mission duty cycle has been assumed to be as shown in Figure 6.

The 180-day mission duty cycle has been assumed to be a full tank at the
initiation of pressurization system operation, since thermal analysis
indicates the boiloff mass will be small.

The selection of the pressurant for the HTTA was narrowed to either helivm
or hydrogen gas based upon the compatibility requirements between the pres-
surant and the propellant subsystem. When considering missions with
multiple restart requirements and relatively long coast periods, the equi-
librium temperature of the ullage will decrease to approximately the
original bulk propellant temperature. If the pressurant freezing t np-
erature is above the initial bulk temperature of the propellant, s.iids
may form and interfere with the operation of the propellant feed and vent
systems; therefore, pressurants with freezing temperatures at or helow
liquid hydrogen temperature must be used; i.e., hydrogen or helium

gas.

The stored gas type of pressurization was selected for use on the HTTA.
Consideration was given to simplicity, cost, and restart capability in
the selection of the type of system to be used. An analysis has been
performed for a stored gas type of pressurization system using gaseous
hydrogen as the pressurant, This combination will be used cu.ing testing.
Moreover the test data obtained may be adapted to the anal’ysis of an
evaporated propellant (recirculation) type system by the inclusion of
information related to a recirculation-type pressurization system.

The mission storage pressure of 17 psia was selected [{or compatibility
with the Cape Kennedy ground service equipment dewar pressure capability,
Minimum boiloff loss would be achieved by allowing the liquid to absorb
part or all of the heat leak. However, the resulting higher operating
pressures would bring about greater pressurant and residual fluid losses,
Rising fluid temperature and pressure also necevssitate more complex
pressure and delivery control systems, Therefcre, constant pressure
operation was considered advantageous. For constant pressure operation
the lowest possible pressure provides thermai optimization, Overall

heat leak was found to be insensitive to the short periods of ullage
pressurization required to obtain the flow rates of 8.0 pounds per second
for 3.5 minutes, the flow requirements for the HTTA. The pressure of

28 psia for high flow conditions was selected to allow a feasible
pressure drop of 4 psi during flow from the tank outlet to the feed line
coupling and maintain the required 4 psi above the saturation pressure of
17 psia.
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Since the pressurant gas temperature rcquirements have not been specified
for a 180-day mission, a typical system configuration was chosen which
would represent a mid-range pressurant gas mass transfer requirement.

The pressurant inlet temperature of 250°R was selected primarily for two
reasons:

1) The literature review indicated (see Section 3.3) that
the gas-to-liquid heat and mass transfer would be
negligibly small if: (a) the incoming gas does not
impinge upon the liquid surface; (b) the system has low
pressurant inlet temperature; and (c) the time of trans-
fer is short compared to the effective time of inter-
facial transport,

2) Gas pressurant requirements are reduced as the inlet
temperature increases,

Considering the above considerations, the selected gas inlet temperature
is felt to be a satisfactory compromise to provide minimized pressurant
gas quantity and minimized evaporation of stored liquid, The HTTA has
been designed such that maximum technology will be generated and verified
utilizing this unit. The internal pressure may be varied from 25 to 50
psie and any useful inlet temperature may be studied.

3.2 Gas Pressurant Requirements

When a predetermined quantity of cryogenic liquid must be transferred
from a storage vessel within a certain time interval, two techniques have
been used - pumps and ullage pressurization, Both techniques are in
widespread use, each being more suitable for certain applications. Pumps
are ususlly used in applications requiring low flow rates and long
pumping times. Gas pressurized systems have been preferred in appli-
cations involving high flow rates.

One of the chief disadvantages of an ullage gas-pressurized system in
the past has been the ditficulty of estimating the quantity of gas
required to pressurize the ullage. Two calculation methods exist for
the determination of the mass of pressurant required to transfer a cryo-
genic propellant: (1) distributed parameter systems, and (2) lumped
parameter solutions,

The distributed parameter systems are recommended for very precise calcu-
lations, particularly when varying inlet gss temperatures, ambient temp-
erature, or smbient heat flux conditions are to be accounted for, and when
extensive, detailed information about the behavior of the system is needed.

The advantages of the lumped parameter solutions are that simple forms of
the Laplace transform methods and/or finite-difference approximstions can
be used. Anslyses sre thermoststic in character and are useful in
obtaining spproximate answers for design purposes. Customarily only mean
properties of the gas and tank wall are determined.
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After an extensive review of the literature, predictions of the transient
pressurant requirements were evaluated based on an equation presented by
Epstein and Anderson [ﬁl . Their equation is based on computations from a
generalized distributed perameter pressurization computer program , 10} ,
for the prediction of total pressurant requirements in any axisymmetric
liquid hydrogen or oxygen tanks pressurized with evaporated propellant or
helium. The generalized computer program is a modified Roclietdyne tank
pressurization program that can be used to predict total and transient
pressurant requirements and ullage temperature gradients with an accuracy
of +5 percent, Epstein and Anderson's equation, when compared with data,
has a maximum deviation of 12 percent. This deviation is acceptable for
this analysis since the data will only be used for sizing pressurant

flow system components, and adequate tolerances will be included in the
selection process. The prediction equation developed in reference 7

was used for this analysis. This equation, including the fixed constants
appropriate for hydrogen or helium pressurant, is:

w T
0.281 0.857
;,-:-? = (& -1 [1-ex -0.330 C Y1 - exp (-4.26 5 )+ 1
0.312 0.160
X exp [l 1.50  ( 1 : C ) ( T f 3 ) QO°98€] 1)
° M
where C = :pc t)“t Ts (2)
Pc ) D T
Pg L o
(h o T
S = § < ; TE (3)
Ac )’ D
" P G L O‘
P
@ o | Lo W
(lﬂc DT .
N P G °
° (3]
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The range of variables covered in the computer runs
Equation (1) are shown in Table V.

TABLE V

Ranges of Variables Covered in Computer

Spherical tank diameter 5 -
Ellipsoidal tank diameter 5 -
Cylindrical tank diameter 4 -
Wall thickness 0.1

Ratio of pressurant inlet temperature

2-
to propellant saturation temperature
Total outflow time 200
Ambient heat flow 0 -

i F:

used in obtaining

Program

30 ft
30 ft
35 ft

-1 in
15

- 500 sec

10,000 Btu/hr-ft2

The design of HTTA falls into the range of variables covered in Table V.
However, analysis was performed for time intervals below the range given

to afford a best guess of the rate of mass required.

This rate was

needed to determine proper sizing of the flow 'ystem. The equivalent
diameter D in Equation (1) represents the diameter of a cylindrical

volume having the same wall surface area and total volume as the tank
under investigation and could be considered as the hydraulic diameter.

The wall thickness t_ in Equation (1) is defined as

the total! volume of

container metal divided by the total internal wall surface area. The
gas-to-wall free convection heat transfer coefficient h 1is calculated

at a film temperature equal to (To 4 Ts)/2 and at a
ence of To - Ts.

temgerature differ~

Epstein and Anderson state that care should be exercised when using their

estimation equation -
(1) outside the limits shown in Table V

(2) for short duration expulsion (on-off operation)

’3) where massive condensation occurs at the gas-liquid interface

(4) when the initial gas ullasge volume exceeds 20% of the totsl tank volume

(5) when high smbient-to-tank wall heat fluxes cause appreciable evap~

orstion of propellants at the tank walls.
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A sample calculation for the total pressurant requirements is presented and

proceeds as follows:

Test Conditions

’ressurant

Pressurized liquid

Equivalent inner tank diameter, D = 79.090 in
Equivalent tank wall thickness, tw
Pressurant inlet temperature, To

Tank pressure, p

Total outflow time, Ot = 3.5 min

Ambient heat flux, g

Expelled liquid volume, AV

Progerties

Molecular weight of pressurant

]

G
Saturstion temperature of liquid at p°, T
8

Tank wall (2219 Al. Ai.) density, f\v

Specific heat of wall at To’ cp°
w

Specific heat of pressurant at p & To’ Cp

Calculations

Film Temperature, (To + rs)/z

Temperature difference, T0 - T'

Heet transfer coefficient, He [}q]
]

Pressurant density at p & To’ fG

Hydrogen
Hydrogen
6.591 ft
0.1646 in
250°R
25.0 psia
0.0583 hr
0

383.3 fts

2.018 1b/1b mole
2.96 Btu/lbm-°n
39.86 “R

0.102 1b_/in°
0.140 Bt:/lbm-°R

144,93"R
210.14"°R
7.48 Btu/hr/ft2°R

0,.0198 lbm/fta

Substituting into Bquations (2}, (3), (4), and (5) gives

(.102) (1728) (.140) (.1646) 39,86

(pc °t)' Ts
¢ = (f Y° D T (.0198) (2.96) (79.080)

o . °

250
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N Ys _ (7.48) (.0583) 30.86 _ .o
- ) - - P ¢
(?cp)cv T (0.0108) (2.96) (6.591) 250
Q i_err—__ - 0
o]
(F cp)G D To
wp° = f" AV = (.0198) (383.3) = 7.589
G
T
o 250
= 1 = 3538 1 = 5,272
8
Substituting into Equation (1)
v 2817
;Bo = 65.272) {1 - exp [-.330 (.13971)° J
P
{1 - exp [-4.26 (.1801)'857j + 1}
= (5.272) (.17288) (.62483) + 1
w
;23 = 1.5695
P
Then
“p
w = w ° ( = 7. 589 . = .
P p ",,°) ( ) (1.%95) 11.911 b "z
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In Figure 7, predicted pressurant requirements are shown as a function of
outflow time for both helium and hydrogen pressurants at tank pressures of
25.0 and 50.0 psia.

3.3 Interfacial Phenomena

Interfacial transfer of heat and mass is intimately associated with both
pressurization and stratification phenomena Knowledge of interfacial
phenomena is very incomplete due to the coupled nature of the simultan-
eous transport processes in the liquid and gas phase at the liquid-vapor
interface.

Past experience leads to three generalizations CSJ ¢ (1) the interfacial
temperature is essentially that of equilibrium (saturation) conditions
corresponding to system pressure; (2) during pressurized discharge, both
condensation ~nd evaporation of the cryogenic propellants at the inter-
face are pons:.ple, but usually are not significant factors: and

(3) during self-pressurization of liquid containers, interfacial evap~
oration occurs and the system pressure is governed by the vapor-pressure
characteristics of the phases at the interfacial temperature.

Mass transfer by condensation or evaporation at a vapor-liquid interface
depends on the relative rates of heat transfer from each phase at the
interface. When heat transfer from the vapor to the liquid dominates,
evaporation will occur at the intertace; when the opposite is true,

the vapor will condense; if the respective heat transfer rates are the
same, neither evaporation nor condensation occurs and the interface
remains stationary. These circumstances will exist generally. For
physical systems having convective action in both phases adjacent to

the interface, there is no known formulation for predicting the inter-
facial transport of heat and mass.

Epstein, Georgius, and Anderson CEj in their mathematical model of a
pressurized propellant tank that is the basis of a computer simulation
program [}Q] make the following assumptions concerning the interfacial
phenomena.

] (1) Evaporation or condensation may occur at the gas-liquid interface.
H Which of these takes place and at what rate depends upon the keat
transfer rates in the gas and in the liquid near the interface. Evap-
oration which is due to heat flux from the tank wall to the liquid is
neglected, and bulk boiling of the liquid is assumed absent.

(2) At the gas-liquid interface the vapor is assumed to be in thermo-
dynamic equilibrium with the liquid. Hence, the temperature of the
interface is the boiling point at the local partial pressure of the
vapor, which must be below the critical pressure,.

B AR IRRS s o % S g T ey T

The resulting studies involving the use of the pressurization computer
progr1n|CIOJ indicated that the heat transfer from the pressurant to
the container walls is of prime importance. Only in systems involving
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high pressurant inlet temperatures and small tank size should gas-to-
liquid heat and mass transfer have an appreciable effect during a fast
transfer process.

Gluck and Kline (i] used a gas—-phase enventory method to determine the
quantity of interfacial mass transfer from experimental evidence. The
effect of mass transfer on gas requirements was found to be negligibly
small for the conditions studied; i.e., a quiescent gas-liquid inter-
face and low heat leak from the ambient,

The consensus in the literature is that the gas-to-liquid heat and mass
transfer will be small if:

(1) the incoming gas does not impinge upon the liquid surface,
(2) the pressurant gas has a low inlet temperature, or
(3) the system embodies a relatively large tank,

Considering the 7-day duty cycle, Figure 6, no time effects will be
introduced providing the system is depressurized after flow has occurred.
The 180-day profile, having not been defined, was assumed to be 180-day
storage, then flow, and therefore, will not introduce interfacial
problems. The proposed design of the HTTA has all of the above character-
istics. Therefore, it is assumed that the heat and mass rransfer at the
gas-liquid interface will not introduce interfacial problems.

ER 15165
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4.0 SYSTEM DESIGN FOR HTTA

4.1 Pressurization Hardware Description

The hardware required for control of the pressurization system was incorp-
orated into a valve module assembly. Several preliminary designs of thg
valve module were considered. Designs investigated were attaChed, detach-
able and floor mounted systems. The advantages and disadvantages of a
detachable vs. attached module are shown in Table VI,

The detachable module was selected beceuse of the incresase in valve per-
formance, fewer components, and ease of transportation snd handling. A
small increase in pressure drop and additional eoupling costs were minor
disadvantages. The floor mounted system was eliminated because of
increased cost, longer feed lines, and the resulting higher pressure
drop.

Components and line sizes for each type of aystem are shown in Figures 8
ané 9. All valve module components were selected with consideration
baing given to dependability, reuseability, maintainability, and thermal
performance. The valve module was designed such that critical parts,
i.e., valve seats, can be replaced without removal of the component from
the lines.

The valve module is supported from the HTTA girth rings. Exterior
coupling interfaces are symmetrical about the HTTA horizontal centerline
to facilitate connection of service lines when testing the tank in the
inverted position. The feed/fill, vent flow and vapor cooled shield
lines exit through the tank's outer shell perpendicular to the tank
surface. The ullage pressure relief system is protected by relief
valves and rupture discs on the outlet side of the pressurant valve.
Pressurant flow is console-controlled by a direct acting dome-loaded
regulator in series with a solenoid shutoff valve. All materials in
contact with fluids ere compatible with GHe, LH_, and GH_,. LH_ transfer
lines are stainless steel tubing with weld ends on all cbmponents.

Valve module electrical accessories are designed for safe operation in

a8 hydrogen environment, Test facility (100 psi) gas supply is utilized
to pressurize the cylinders which operate remote control feed/fill and
vent flow valves. Bayonet coupling provide test facility interface for
the feed/fill vacuum jecketed line. The balance of the interface con-
nections are AN 37° type fittings
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DISADVANTAGES

“l" v b v

ADVANTAGES

TABLE VI
Detachable Module Evaluation

Extra set of bayonet fittings
Slightly larger line loss
Insteil module before test

Need hoist for attachment

Extra cleanliness precautions
More expensive mounting brackets
Separate vacuum pumpout ports

Bayonet coupling mating

Base of transportation
Valves operate in upright position
Less components

Cheaper components

ppp s ? OF THE
ORl\JL,\;A., -,'.< - “J I?OOH

Easier handling for leakage and proof pressure tests

Simulteneous fabrication

Easier facility hook-up (more compatible for hard

wiring and plumbing)
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Figure 8

ATTACHED VALVE MODULE
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4.2 Pressure Drops in Feed and Pressurant Lines
4.2.1 F-ed Lines

For purpose of analysis, the feed lines were sized to facilitate the
delivery of liquid hydrogen to the feed line outlet coupling 4 psi

[ (+ 0 psi ~ 2 psi) above saturation pressure. The liquid hydrogen will be
in equilibrium at 17 psia (see Section 3.1) prior to prepressurization
and the flow test. Therefore, the saturation pressure was assumed to
be 17 psia. The control pressure for transfer conditions was selected
as 25 psia allowing a 4 to 6 psia pressure drop through the feed line and
valve. A schematic of the feed line analyzed is shown in Figure 10.

3 5/8

1T

#
i
49,77
6.25
AN -
2.444 1.D.
|
C::l 46
L
'
]
é
; Figure 10
é FEEDLINE SCHEMATIC
{
1
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The resistance coefficients, friction coefficients, and equivalent lengths

were taken from cpj . The pressure drop breakdown is as follows:
TABLE VII
Equivalent
Resistance Item K L/D L (Ft)
Entrance -~ Sharp Edge 0.5 50 10.18
Sharp Bend - 90° 60 12.22
Sudden Restriction 0.3 30 6.11
Line 2.067" 1.D. x 8.3" .69
Bend 7.5" R x 30° 4 .81
Bend 47.63 R x 65° 40.8 8.31
Bend 6.25" R x 90° 12 2.44
Tee - Flow Thru 20 4.07
Valve - Gate Type - Open 13 2.65
Flow Meter 2,0

Line, 2.444" I.D, x 108"

The totsal pressure drop through the feed line and valve was calculated
to be 4.3 psi for the nominal transfer condition of 8 lb/sec flow rate
and a control pressure of 25 psia. Liquid will then be provided at a
pressure of 20.7 psia at the fluid outlet coupling.

4.2.2 Pressurant Line Losses

The pressurant line losses (pressure drops) were calculated for the four
pressurant mass flow rates as specified in Section 3.2. The maximum flow
values (maximum slope of curves) were used for these pressure drop calcu-
lations. These flow rates are shown in Table VIII. The pressurant system
lines were sized to provide an acceptable pressure drop to facilitate
operation during test, The line sizes and configurations used for the
analysis were as shown in Figures 9 and 10, The worst pressure drop
condition for the pressurant line was found to be transfer using the GHe
pressurant at 50 psia. The calculated pressure drops are as follows:

TABLE VII1I
Pressurant Pressure Flow Rate oOP
GHe 50 psia 0.223 lb/sec 11.0
GHe 25 psia 0.126 1lb/sec 8.0
GH2 50 psia 0.108 1b/sec 5.1
GH 25 psia 0.065 1b/sec 3.8

2
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4.3 Control and Operation Ond

The HTTA will be designed to permit remote operation after the test
facility lines have been connected. All control valves and regulators will
be controlled from a remotely located test console, The flow meter and
pressure transducer outputs will be transmitted to the test console for
amplification and readout using standard test equipment. Limit switch
indications from the pneumatically operated valves will also be trans-
mitted to the test console.

4.3.1 Cool-Down and Fill Procedure

The tank will be filled in either the upright or the inverted vertical
positions. Both feed/fill and vent flow valves (pneumatically operated)
will be opened while all other valves and regulators will be closed.
Liguid hydrogen will then flow into the tank through the feed/fill line
and the hydrogen gas and residual purge gases will be vented through the
upper transfer line. The cool-down operation will continue until all
lines and the pressure vessel are cooled down and temperature stabilized.
The pressure vessel will then be filled.

The remotely operated pneumatically controlled flow valves will be
operated from the test control console. These console contrels will
regulate electrical power to the solenoid pilot valves that actuate the
pneumatic operators., Limit switches on these pneumatic operators will
provide feedback of the valve position (open or closed) to the test
console,

4.3.2 Purging Operation

The pressure vessel may be purged, prior to and after filling as required
by utilizing the pressurant system. The purge gas will be introduced into
the tank through the pressurant line with the solenoid valve and regulator
open., The purge pressure can be controlled by the dome loaded regulator
in the pressurant system. The residual gases in the tank may be vented
through the lower transfer line with the valve open.

4.3.3 Flow Test Operation

The flow test will be performed by flowing LH_ through the feed/fill

line while pressurizing through the vent./pressurant line. The pressurant
system connects to the vent/pressurant line, upstream of the remote
pneumatically operated valve which will remain in the closed position.
All other valves will be in the closed position. The tank pressure will
be maintained by the dome loaded regulator which will be controlled by a
hand loading regulator at the test control console, Tank pressure and
flow rate data will be fed back by transducers and recorded at the test
control location.

4.4 Safety and Relief Operation

4.4.1 Pressure Vessel Relief System
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The pressure vessel is protected from overpressurization by a parallel
mounted relief valve and rupture disc located w.th no valve between the
vessel and vent port. The relief valve will be set at 56 psia and the
rupture disc designed to burst at 61 psia. These settings were determined
from the anelysis which allowed a 5 percent tolerance on the relief
pressure and a 2 percent tolerance on the rupture pressure.

The relief system lines were sized for a maximum pressure drop of 3 psi
during the worst condition requiring relief flow (Case 2). The two
feollowing cases were considered for analysis of the relief system require-
ments,

CASE 1

The HTTA loses vacuum in the annulus due to a leak in the vacuum jacket
with the pressure vessel being full of LH_ . Ambient air flowed into the
annulus at a rate sufficient to maintain %he annulus at near atmospheric
pressure. Liquid air will condense on the pressure vessel surface. The
calculated boiloff rate at this condition will be approximately 27 pounds
per hour of gaseous hydrogen.

CASE 2

The HTTA 1loses vacuum in the annulus duec te leak 1n the pressure vessel
while the pressure vessel was full of LH_, resulting in continuous
hydrogen vapor fiow inro the annulus. Tﬁe vacuum jacket pressure relief
disc will relieve at approximately 20 psia, Hydrogen vapor continues
flowing into the annulus, maintaining 20 psia 1n the annulus. The
hydrogen vapor temperature was assumed to be at an average between liquid
hydrogen temperature and maximum ambient temperature (140°F). The
resulting boiloff rate for this case was approximately 240 pounds per
hour.

The relief system was arranged to provide a low pressure drop between

the pressurc vessel outlet and the relief valve at *the maximum relief flow
conditions, The maximum pressure in 'he pressure vessel would be

56.2 psia since the relief valve would relieve at 53,5 psia + 5% The
rupture disc would burst between the pressures of 57.6 and 66.0 psia at
140°F.

4.4.2 Vacuum Jacket Relief System

The vacuum Jjacket will also be provided with a pressure relief device for
the condition discussed in Case 2 above. The relief device will be
designed to relieve below the maximum pressure considered in the struc-
tursl design of the vacuum jacket or the collapsing pressure of the
pressure vessel, whichever is smallest., The relief device will have a
tolerance of two percent or less. The vacuum jacketed lines and modules
will have separate relief devices if the line vacuum jackets do not
communicate with the vacuum annulus of the tank.
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5.0 CONCLUS IONS
5.1 Pressurant Selection

Hydrogen gas will be used as the pressurant for HTTA because evidence
exists to indicate that a recirculation-type pressurization system will
be the final selection on the space shuttle and similarity in this
respect is preserved. The recirculation-type pressurization system
appears to be more desirable than the stored gas system. A stored gas
system would weigh more and require a larger volume than the
recirculation-type pressurization system.

However, a stored ges system, utilizing hydrogen, has been selected
for HTTA because it will: (1) require less hardware and hardware
development than a recirculation-type pressurization system; (2) the
results will still be directly be applicable to a recirculation-type
system,

The system is designed to also accommodate the use of helium gas as

the pressurant when supplied by a stored gas sysitem., The gas require-
ments are shown in Figure 7 of Section 3.2 for ho*h hydrogen and

helium pressurants at entrance pressures of 25.0 and 50.0 psia and 250°R.

The pressurization gas mass transfer analysis determined that the mass
of helium gas required will be larger than the mass of hydrogen gas
required for pressurization. Analysis also shows that a greater pres-
surant mass (helium or hydrogen) will be required for pressurization st
8 system pressure of 50 psia than for a system pressure of 25 psia.

8.2 Design Selection

The detachable valve wmodule concept is recommended for the pressuri-
zation and flow control components because it provides for less compon=~
ents, higher operational dependability, and easier transpcrtation.

A dome loaded pressure regulator will be used for pressure control during
the high flow test, A blowdown system without a regulator was considered
but without a regulator a substantial inlet gas pressure decrease would
occur unless the stored gas supply was large in comparison to the
pressurization gas required.
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